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Prolonged  use  of  electric  grass  trimmer  exposes  the  user  to  the  risk  of  hand-arm  vibration  syndrome.  A 
simple  approach  for  the  suppression  of  hand-arm  vibration  in  electric  grass  trimmer  is  presented.  The 
proposed  system  is  a  tuned  vibration  absorber  (TVA).  Modal  analysis  and  operating  deflection  shape 
analysis  of  the  electric  grass  trimmer  were  carried  out  and  a  TVA  was  designed  and  fabricated  for  testing. 
The  results  indicated  that  minimum  vibration  level  was  related  to  the  position  of  the  TVA  on  the  shaft  of 
electric  grass  trimmer.  The  TVA  was  found  to  have  best  performance  with  95%  reduction  on  the  accel¬ 
eration  level  at  position  0.025L.  The  results  from  modal  analysis  and  operating  deflection  shape  revealed 
that  the  presence  of  TVA  has  successfully  reduced  the  large  deformations  of  the  handle  where  the  node 
was  shifted  nearer  to  the  handle  location.  The  effect  of  TVA  was  also  evaluated  during  field  test  involving 
grass  trimming  operation  and  subjective  rating.  The  results  indicated  that  average  reduction  of 
frequency-weighted  rms  acceleration  in  the  Zh-  axis  was  84%  and  72%  in  Xh-  axis  for  the  cutting 
operation.  For  the  no  cutting  operation,  the  reduction  is  82%  in  Zh-  axis  and  67%  in  Xh-  axis.  The  presence 
of  TVA  in  the  electric  grass  trimmer  has  amplified  the  vibration  level  in  Yh-  axis  by  19%  (no  cutting)  and 
21%  (cutting).  From  the  field  test,  subjective  rating  of  vibration  perception  consistently  rate  better  for 
controlled  electric  grass  trimmer. 

Relevance  to  industry:  The  tuned  vibration  absorber  when  installed  to  the  electric  grass  trimmer  atten¬ 
uated  the  vibration  total  value  by  67%.  This  significantly  reduces  the  risk  of  hand-arm  vibration 
syndrome. 

©  2011  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Grass  trimming  is  usually  carried  out  with  the  use  of  petrol 
engine  or  electric  motor  powered  trimmer  which  uses  a  rotating 
nylon  string  that  cut  the  grass.  The  use  of  petrol  engine  is  subjected 
to  emission  regulation  which  limits  their  application.  The  US 
Environmental  Protection  Agency  (2010)  has  adopted  new  regula¬ 
tions  for  small  engines  (operate  at  or  below  19  kW)  that  are  widely 
used  in  lawn  and  garden  area.  Electric  models  produce  no  emis¬ 
sions  at  the  point  of  use.  This  factor  favours  the  application  of 
electric  grass  trimmer  for  maintenance  of  grass  compound  in  places 
where  emission  is  regulated.  The  electric  grass  trimmer  usually 
employs  an  AC  electric  motor  of  400  W  with  the  plastic  rotating 
head  coupled  directly  to  the  motor.  A  single  nylon  string  is  attached 
to  the  rotating  head.  The  single  string  construction  of  the  electric 
grass  trimmer  made  it  a  rotationally  unbalanced  which  resulted  in 
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high  level  of  vibration.  Under  this  condition  the  user  is  exposed  to 
hand-arm  vibration  (HAV).  Extensive  exposure  of  HAV  can  lead  to 
a  series  of  vibration  induced  disorder  in  the  vascular  and  nonvas- 
cular  structures  in  human  hand-arm.  These  disorders  are  referred 
to  hand-arm  vibration  syndrome  (HAVS)  (Mansfield,  2005). 

HAVS  is  classified  as  an  industrial  disease  and  has  been  affecting 
innumerable  workers.  Loriga  in  1911  is  the  first  to  document  the 
relationship  between  the  exposure  of  HAV  and  HAVS  (Bylund, 
2004).  Great  efforts  have  been  made  by  researchers  in  order  to 
reduce  vibration  of  hand  tools  and  its  effect.  These  included  isola¬ 
tion  of  the  hand  from  the  vibrating  handle  with  the  use  of  anti¬ 
vibration  gloves  (Brown,  1990;  Muralidhar  et  al.,  1999;  Voss, 
1996).  The  effect  of  anti-vibration  gloves  to  the  human-tools 
interface  has  been  extensively  studied,  such  as  the  investigation  of 
the  vibration  isolation  characteristic  for  a  gloved  hand  using  a  laser- 
based  vibration  sensor  (Gurram  et  al.,  1994);  development  of 
a  more  reliable  method  for  assessment  of  effectiveness  of  anti¬ 
vibration  glove  (Dong  et  al.,  2003);  evaluation  of  the  effect  of 
wearing  anti-vibration  gloves  on  the  grip  strength  applied  to 
cylindrical  handles  (Wimer  et  al.,  2010).  However,  different  hand 
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Fig.  1.  Electric  grass  trimmer  system  represents  a  n-DOF  model. 
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Fig.  2.  Modified  electric  grass  trimmer  system  with  TVA  attached  to  the  n-DOF  model. 

tools  will  have  different  influence  on  the  isolation  performance  of 
the  anti-vibration  glove  as  it  is  tool  or  excitation  spectrum  specific 
(Rakheja  et  al.,  2002).  In  certain  cases  where  the  machines  have 
clear  handle  modules,  vibration  attenuation  can  be  achieved  by  the 
isolation  of  the  tool  handle  from  the  vibrating  source  using  vibra¬ 
tion  isolators  (Sam  and  Kathirvel,  2006;  Tewari  and  Dewangan, 
2009).  Another  feasible  technique  is  to  channel  the  vibration 
energy  to  a  secondary  system  by  adding  a  secondary  mass-spring- 
damper  to  a  primary  system  which  is  known  as  tuned  vibration 
absorber  (TVA).  This  will  reduce  the  vibration  of  the  vibrating 
system  thus  reducing  the  handle  vibration. 

The  first  invented  TVA  has  no  damper.  It  was  useful  only  in 
a  narrow  range  of  frequencies  (Asami  et  al.,  2002).  Ormondroyd 
and  Den  Hartog  (1928)  showed  that  lightly  damped  TVA  is  effec¬ 
tive  for  optimum  broadband  attenuation.  By  balancing  two 
invariant  points  in  the  frequency  response,  Den  Hartog  derived  the 
optimum  tuning  ratio  and  damping  ratio  of  TVA  attached  to  an 
undamped  single-degree-of-freedom  (SDOF)  primary  system  (Rao, 
2004).  Since  this  pioneering  approach,  many  TVA  optimization 
work  were  carried  out.  Asami  et  al.  (2002)  demonstrated  an 
analytical  series  solution  for  optimum  TVA  when  attached  to 
damped  SDOF  system.  Ren  (2001)  designed  a  variant  design  of  TVA 
which  reported  having  better  vibration  suppression  performance. 
Many  papers  model  the  primary  system  as  damped  SDOF  system 


(Asami  et  al.,  2002;  Ren,  2001 ;  Wong  and  Cheung,  2008).  However 
for  practical  purposes,  the  primary  structures  would  always  have  to 
be  treated  as  multiple-degrees-of  freedom  (MDOF)  systems  or 
continuous  models  that  have  multiple  vibration  modes  and  reso¬ 
nant  frequencies.  In  order  to  deal  with  the  multiple  modes  vibra¬ 
tion,  many  studies  have  focused  on  the  concept  of  TVA  mounted  on 
the  MDOF  system  or  continuous  model  (Brennan  and  Dayou,  2000; 
Cheung  and  Wong,  2008;  Dayou,  2006;  Thompson,  2007;  Zuo  and 
Nayfeh,  2004).  Ozer  and  Royston  (2005)  extended  Den  Hartog’s 
approach  to  derive  an  optimum  TVA  attached  to  the  undamped 
MDOF  system.  Esmailzadeh  and  Jalili  (1998)  carried  out  a  study  on 
the  determination  of  optimum  tuning  and  damping  ratio  of  TVA  for 
a  structural  damped  Timoshenko  beam  model.  Dayou  (2006) 
examined  the  control  of  kinetic  energy  of  a  continuous  models 
using  Fixed-point  theory.  The  TVA  comes  in  various  design 
concepts,  from  the  traditional  (Den  Hartog,  1956)  to  non-traditional 
(Ren,  2001 ;  Wong  and  Cheung,  2008),  from  SDOF  absorber  to  MDOF 
absorber  (Dayou  and  Brennan,  2002;  Jang  and  Choi,  2007; 
Thompson,  2007).  One  of  the  well  known  design  concept  is  the 
beam  like  vibration  absorber  or  dual  cantilevered  mass  vibration 
absorber.  This  type  of  absorber  consists  of  a  beam  with  a  mass 
attached  on  its  end.  The  span  of  the  beam  can  be  varied  to  adjust 
the  natural  frequency  of  the  absorber  (Brennan,  2000;  Kidner  and 
Brennan,  2002). 

In  practical  application,  Strydom  et  al.,  (2002)  designed 
a  vibration  absorbing  handle  for  rock  drill.  The  TVA  was  tuned  so 
that  it  coincides  with  the  operating  frequency  of  rock  drill.  The 
attenuated  handle  has  reduced  the  vibration  transmissibility  by 
20%-40%.  Lee  et  al.  (2001)  developed  a  damped  passive  TVA  on 
a  cutting  tool  to  suppress  vibration  in  turning  operations.  Acceler¬ 
ation  level  of  the  cutting  tools  with  the  presence  of  a  well  tuned 
TVA  showed  the  reduction  of  acceleration  level  from  100  g  to  30  g. 
Fasana  and  Giorcelli  (2010)  studied  the  application  of  the  concept  of 
TVA  to  motorcycle  handle.  The  TVA  was  tuned  to  the  frequency  of 
maximum  discomfort  of  biker.  The  attenuation  of  vibration  is 
positive  with  the  presence  of  TVA  even  if  not  perfectly  tuned. 
Golysheva  and  Babitsky  (2004)  showed  that  vibration  attenuation 
of  hand-held  percussion  machine  could  be  very  effective  with 
combination  of  isolation  and  absorption  principles.  By  introduce 
two  TVAs  (one  tuned  to  fundamental  frequency  and  the  other 
tuned  to  second  harmonic  frequency)  attached  to  the  isolated 
handle  resulted  reduction  of  the  amplitude  at  fundamental 
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Fig.  3.  Test  equipments  for  vibration  analysis. 
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Fig.  4.  (a)  Geometry  model  of  electric  grass  trimmer  and  (b)  Measurement  points  on  electric  grass  trimmer. 


frequency  and  second  harmonic  frequency  by  a  factor  of  62  and  70 
respectively.  Kadam  (2006)  attached  a  vibration  absorber  at  the 
handle  of  pneumatic  impact  hammer  and  showed  the  vibration 
level  of  handle  response  reduced  in  the  range  of  5-10  dB. 

An  important  parameter  in  designing  TVA  for  MDOF  or 
continuous  system  is  the  location  of  the  absorber  location  (Petit 
et  al.,  2009).  This  parameter  has  a  large  influence  on  the  possi¬ 
bility  of  vibration  reduction.  Interestingly,  recent  studies  have 
shown  that  the  vibration  of  a  location  on  beam  can  be  made 
stationary  near  the  resonant  frequency  by  properly  choosing  the 
absorber  parameters  (mass  and  spring  constant)  and  the 


attachment  location  of  the  absorber  (Cha  and  Pierre,  1999;  Cha, 
2002;  Cha,  2005;  Cha  and  Ren,  2006;  Cha  and  Zhou,  2006;  Cha 
and  Chan,  2009;  Foda  and  Bassam,  2006;  Wong  et  al.,  2007). 
These  studies  showed  that,  for  a  machine  which  can  be  modelled  as 
a  beam,  there  is  the  possibility  of  locating  the  node  at  the  desired 
location  preferably  the  handle  location  for  a  high  reduction  of 
vibration  level. 

Several  studies  have  confirmed  that  the  levels  of  vibration  on 
petrol  driven  grass  trimmer  are  high  enough  to  cause  an  enhanced 
level  of  risk  of  HAVS  (BS  EN  ISO  11806,  2008;  Tudor,  1996)  which 
indicate  the  need  to  reduce  vibration  level  of  grass  trimmer 
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Fig.  5.  Design  of  TVA  with  dual  cantilevered  mass. 


exposure  to  the  operator.  Conventional  approaches  to  reduce  the 
vibration  level  at  the  handle  of  tools,  such  as  the  use  of  vibration 
isolators,  however  results  in  handle  with  a  high  mass  and  low 
stiffness  (Strydom  et  al.,  2002).  Another  more  recent  approach  to 
minimize  the  vibration  of  grass  trimmer  was  by  carefully  selecting 
the  optimum  parameters  of  grass  trimmer,  such  as  hand-handle 
position,  engine  operating  speed,  sway  angle,  length  of  nylon 
string  and  the  material  of  handle  (Mallick,  2008,  2010).  However,  it 
could  be  difficult  for  the  workers  to  adopt  the  suggested  optimum 
parameter  in  the  grass  trimming  operation. 

The  state  of  the  art  on  vibration  attenuation  on  grass  trimmer 
indicated  that  the  level  of  vibration  is  still  high  and  dangerous  for 
long  term  use.  This  paper  presented  a  research  work  on  the 
applicability  of  TVA  to  suppress  vibration  of  electric  grass  trimmer. 
The  effect  of  TVA  is  firstly  obtained  using  structural  modification 
(SM)  based  on  experimental  modal  analysis  and  the  results  are  later 
compared  with  the  experimental  results.  The  TVA  is  designed  and 
built  in  order  to  evaluate  its  performance  in  practice.  To  ensure  that 
the  solution  suggested  being  practical,  the  measured  frequency- 
weighted  rms  acceleration  and  operator  judgement  in  terms  of 
vibration  perception  during  the  field  test  operation  was  also 
performed. 

2.  Theoretical  consideration:  effect  of  attaching  a  TVA  to 
grass  trimmer 

Attaching  a  TVA  on  the  shaft  of  electric  grass  trimmer  will 
invariably  change  the  dynamic  behaviour  of  the  structure.  The 

X 


Fig.  6.  A  simulated  TVA  attached  to  the  shaft  of  electric  grass  trimmer. 


changes  in  the  structural  behaviour  (natural  frequencies,  mode 
shapes  and  frequency  response)  can  be  identified  by  SM  procedure 
(Sestieri,  2000).  Depending  on  the  data  used  in  the  analysis,  SM 
procedure  can  be  employed  from  a  modal  model  or  finite-element 
(FE)  model  of  the  structure,  or  directly  from  frequency  response 
function  (FRF)  of  experimental  modal  analysis  (Jimin,  2001). 

2.2.  Grass  trimmer  modal  model 

The  dynamics  of  the  grass  trimmer  system  is  assumed  to  be 
linear  and  discretized  for  n  degrees-of-freedom  (DOF)  (Fig.  1). 

The  equation  of  motion  of  the  system  in  free  vibration  is 
expressed  as: 

[M]{x}  +  [C]{x}  +  [I<]{x}  =  {0}  (1) 

where  the  matrices  M,  C  and  K  are  the  mass,  stiffness,  and  damping 
matrices  of  the  structure,  {x}  and  {/}  are  the  displacement  and 
force  vector. 

Using  the  standard  coordinate  transformation,  {x}  =  ${q}  and 
pre-multiply  by<PT ,  the  previous  equation  becomes: 

\{q]  +  E{q}  +  A{q}  =  {0}  (2) 

where  eigenvectors(  modes  )$  =  [0t  •••  0n],  S  =  al  +  fiA,  and 

eigenvalue  A , 


The  eigenvectors  and  the  eigenvalues  in  this  work  are  derived 
from  the  experimental  modal  analysis. 

2.2.  Tuned  vibration  absorber  modification 

Suppose  a  TVA  is  attached  to  the  n-DOF  grass  trimmer  model 
(Fig.  2).  The  TVA  is  a  SDOF  system  consisting  of  a  rigid  mass  mt} 
spring  kt  and  a  dashpot  ct.  Adding  a  TVA  to  the  n  -DOF  model  will 
modify  the  system  and  change  the  parameter  matrices  of  the 
structure  and  Eq.  (1)  represents  the  equation  of  motion  of  the 
modified  system: 
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Fig.  7.  Attachment  points  of  TVA  along  the  shaft  of  electric  grass  trimmer. 


[M  +  AM]  jxj  +  [C  +  AC]{x}  +  [K  +  AK]{x}  =  {0}  (4) 

where  AM,  AC  and  AK  are  the  modified  mass,  stiffness  and  damping 
matrices. 

Using  again  the  coordinate  transformation  {x}  =  <P{q}  and  pre¬ 
multiply  by$T,  Eq.  (4)  becomes, 

(/+<Z>TAM<Z>){<j}  +  (s  +  <PTAC<p){q}  +  (yl  +  <Z>rAK<f)  {q}  =  {0} 

(5) 

where 

I  +  4>rA  =  M 

S  +  <frA  C<f  =  C  (6) 

A  +  <PTkK<P  =  K 

This  equation  established  a  new  equation  of  motion  with  new 
mass  M,  damping  C  and  stiffness  K  matrices,  which  can  be  defined 
using  the  modal  parameters  (natural  frequencies,  mode  shapes, 
damping)  of  the  original  structure  from  experimental  modal  anal¬ 
ysis,  as  well  as  the  matrices  AM,  AC  and  AK  are  known.  It  is 
worthwhile  to  point  out  that  the  computation  of  modified  modal 
parameters  though  Eq.  (5)  does  not  require  knowledge  of  the 
matricesM,  C  and  I<  of  the  original  structure  (Ewins,  1984). 

2.3.  Prediction  of  the  modified  frequency  response  function 

Vibration  problem  can  be  identified  from  FRF,  which  represents 
the  relationship  between  the  input  and  the  output  of  a  system.  FRF 
plays  an  important  parameter  in  SM  technique  and  can  be  directly 
obtained  from  experiment.  The  FRF  could  be  in  the  form  of  recep- 
tance,  mobility,  or  inertance.  The  dynamic  stiffness  matrix  s(w)  is 
defined  as  the  inverse  of  the  FRF  matrix: 

[S(«)]  =  [H(w)]-1  (7) 

The  dynamic  stiffness  matrix  of  the  modified  structure  can  be 
identified  by  formulating  a  modification  matrix  [As(w)]  and  adding 
the  same  to  [s(w)].  The  FRF  of  the  modified  structure  [Hm(w)]  can 
then  be  predicted  as: 


Table  1 

Physical  characteristics  of  the  operators  participated  in  the  field  test. 


Attribute 

Mean 

Standard  deviation 

Range 

Age  (years) 

28.1 

4.04 

25-38 

Height  (cm) 

174.8 

7.15 

160-184 

Weight  (kg) 

69.5 

9.25 

58-85 

[Hm(0J) }  =  ][s(w)]  +  [As(w)]]-1  (8) 

3.  Materials  and  methods 

3.1.  Grass  trimmer  description 

The  electric  grass  trimmer  with  a  weight  of  2.74  kg  was  used  in 
this  study.  The  basic  element  of  the  electric  grass  trimmer  consists 
of  the  cutting  head,  connected  by  a  tubular  hollow  aluminium 
square  structure  on  which  is  fitted  the  upper  plastic  casing  which 
houses  the  handle  and  the  switch  controlled  by  the  operator.  The 
tubular  hollow  aluminium  structure  has  an  adjustable  collar  which 
allows  the  operators  to  adjust  the  overall  length  of  the  trimmer  to 
suit  their  height. 

3.2.  Vibration  analysis  of  electric  grass  trimmer 

Vibration  analysis  is  carried  out  in  order  to  determine  the 
operating  frequency  of  the  electric  grass  trimmer,  the  vibration 
level  and  the  dominant  axis.  Vibration  analysis  was  carried  out  in 
accordance  with  ISO  5349-1,  (2001).  The  instruments  used  in  this 
measurement  are  shown  in  Fig.  3  which  include  the  miniature  tri- 
axial  accelerometer  (Dytran,  3023M20),  calibrator  (B&K,  4294),  FFT 
analyzer  (LMS  Scadas  Mobile)  and  post-processing  software  (LMS 
Spectral  Testing). 

The  electric  grass  trimmer  was  tested  under  free-running 
condition.  Since  the  length  of  nylon  string  for  grass  trimmer  has 
some  influence  on  the  engine  speed  (Mallick,  2010),  a  constant 
length  of  nylon  string  was  used  throughout  the  study.  The  accel¬ 
erometer  is  mounted  on  the  front  handle  near  the  hand  grip  loca¬ 
tion.  The  data  from  the  accelerometer  are  stored  and  analyzed 
using  LMS  Spectral  Testing.  Vibration  total  values  a^y  are  calculated 
from  the  frequency-weighted  rms  acceleration  measured  in  three 
orthogonal  axes  (Xh-  Yh-  and  Zh-)  of  the  handle  according  to  the 
definition  in  ISO  5349-1  (2001).  The  Zh-  axis  is  defined  as  the 
longitudinal  axis  from  third  metacarpal  bone  towards  the  distal  end 
of  the  finger.  The  Xh-  axis  is  perpendicular  with  Zh-  axis.  The  Yh-  axis 
is  perpendicular  to  Xh-  and  Zh-  axes  and  is  the  direction  towards  the 
thumb  (ISO  5349-1,  2001). 

3.3.  Experimental  modal  analysis 

The  inherent  dynamics  characteristics  of  a  structure  can  be 
determined  from  experimental  modal  analysis  (He  and  Fu,  2001). 
Frequency  response  functions  (FRFs)  of  a  structure  are  determined 
through  experimental  modal  analysis  which  establishes  the  rela¬ 
tionship  between  measured  output  and  input  as  a  function  of 
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frequency.  From  these  FRFs,  the  natural  frequencies,  damping,  and 
mode  shapes  of  a  structure  can  be  obtained  and  can  be  used  to 
predict  the  effect  of  SM.  It  is  an  important  tool  in  evaluating  and 
controlling  the  effect  of  resonance.  Impact  testing  has  become 
a  popular  method  to  perform  experimental  modal  analysis  since  it 
is  fast,  convenient  and  cost  effective  (Richardon,  1997). 

Fig.  4(a)  shows  the  measurement  points  on  the  model  of  the 
electric  grass  trimmer.  The  experimental  modal  analysis  was 
carried  out  with  the  electric  grass  trimmer  suspended  using  rubber 
chords,  as  shown  in  Fig.  4(b).  This  is  to  stimulate  the  free-free 


boundary  conditions  of  structure  so  that  the  modal  behaviour  of 
the  electric  grass  trimmer  can  be  derived.  An  impact  hammer 
(Kistler,  9724A5000)  fitted  with  a  piezoelectric  force  transducer 
was  used  to  excite  the  electric  grass  trimmer  while  a  light-weight 
accelerometer  (Dytran,  3055B2  T)  was  used  to  measure  the  vibra¬ 
tion  response  on  each  measurement  point  in  the  Xh-  axis.  The 
response  in  Zh-  axis  was  not  measured  since  the  axial  vibration  is 
small.  The  handle,  in  fact,  has  the  minimum  vibration  level  along 
Yh-  axis  (from  measurement  in  Section  4.1)  which  proved  that  the 
acceleration  in  this  direction  required  no  further  attenuation. 
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After  the  accelerometer  is  calibrated,  it  was  attached  on  the 
driving  point  of  the  electric  grass  trimmer,  at  point  10  (p:  10). 
Selection  of  the  driving  point  location  is  based  on  the  objective  in 
order  to  excite  as  many  fundamental  modes  as  possible.  Excitation 
and  response  signals  from  the  test  were  computed  using  LMS 
Scadas  Mobile  to  derive  the  FRF  for  each  measurement  point  and 
the  results  were  post  processed  and  displayed  on  LMS  Impact 
Testing  Rev.  8B  software. 


3.4.  Operational  deflection  shape  (ODS) 

In  order  to  study  the  dynamic  behaviour  of  electric  grass 
trimmer  in  the  real  operating  condition,  ODS  analysis  was  also 
carried  out.  Contrary  to  experimental  modal  analysis,  the 
measurement  of  the  force  acting  on  the  structure  are  not  required, 
and  the  ODS  depends  on  the  operating  parameters  of  structure 
(Christof  et  al.,  2010). 

ODS  can  be  obtained  from  the  transmissibility  measurement  by 
extracting  the  relative  magnitude  and  phase  at  the  frequency  of 
interest  (Schwarz  and  Richardson,  1999).  The  frequency  range  in  this 
case  is  within  1-1024  Hz,  which  covers  the  operating  speed  of  the 
motor  ( 13200  rpm).  Transmissibility  measurements  are  similar  with 
FRF  measurements  on  experimental  modal  analysis.  It  is  obtained  in 
the  same  way  as  FRF  measurement,  but  the  response  is  divided  by 
a  reference  response  instead  of  the  excitation  force.  The  best  choice  of 
the  reference  is  the  point  of  maximum  response  (Christof  et  al.,  2010). 
In  this  case,  point  19  (p:19)  in  Fig.  4  is  chosen  as  the  reference  point. 
Although,  in  the  ideal  ODS  analysis,  all  measurement  points  are 
required  to  be  measured  simultaneously,  due  to  the  limited  number 
of  accelerometers  and  channels,  roving  method  was  chosen.  A 
response  accelerometer  is  moved  from  one  measurement  point  to 
another  during  data  collection.  All  response-reference  response  pair 
at  each  measurement  point  was  saved.  The  ODS  post-processing  was 
then  carried  out  using  LMS  Spectral  Testing  Rev.  8b. 


3.5.  Physical  design  and  tuning  of  TVA 


Wa  =  (11) 

V  mala 

where  la  is  the  length  from  the  fixed  centre  to  secondary  mass. 

The  TVA  is  tuned  to  the  operating  frequency  of  electric  grass 
trimmer,  220  Hz  as  measured  in  Section  4.1.  To  tune  the  resonant 
frequency  of  the  TVA,  the  length  between  brass  mass  and  the  fixed 
centre  is  adjusted.  In  order  to  verify  the  tuning,  spectral  analysis 
was  carried  out  where  the  results  confirmed  the  natural  frequency 
of  the  TVA  to  be  220  Hz. 

3.6.  Structural  modification  prediction 

Attaching  a  TVA  to  the  shaft  of  electric  grass  trimmer  modified 
its  dynamic  behaviour  and  this  is  predicted  using  SM  procedure  as 
discussed  in  Section  2.  Although  FE  method  is  popular  and  can  be 
used  for  this  purpose,  real  structural  model  differs  from  the  FE 
model  due  to  the  difficulty  in  correctly  modelling  non-linearities  in 
the  structural  parameters  or  boundary  conditions  (for  example  the 
contact  between  the  tubular  structure  and  the  plastic  housing). 
Therefore,  FRF  modification  from  experimental  modal  analysis 
(Section  3.3)  is  carried  with  more  confidence  for  SM  purpose.  This 
can  be  directly  executed  from  the  LMS  Test  Lab  Modification 
Prediction  software  which  evaluates  the  changes  in  natural 
frequencies,  mode  shapes,  damping  and  FRFs  of  the  structural 
directly  from  experimental  modal  analysis  data. 

A  model  of  the  electric  grass  trimmer  was  developed  and  shown 
in  Fig.  6.  The  modelling  was  explained  earlier  in  Section  3.3.  Each 
node  represents  the  point  of  measurement  made  in  the  experi¬ 
mental  modal  analysis.  A  simulated  TVA  (mt  =  0.2  kg, 
kt  =  382151  N/m,  ct  =  0  kg/s)  was  located  on  the  shaft,  from  points 
p:  10  to  p:  19.  The  TVA  was  tuned  to  220  Hz  in  order  to  match  the 
operating  frequency  of  the  electric  grass  trimmer.  Although  the 
natural  frequencies,  mode  shape  and  damping  can  be  predicted  on 
each  simulated  TVA  location,  this  study  is  only  concerned  with  the 
predicted  FRF  at  220  Hz  which  identified  the  minimum  FRF  as  the 
design  objective. 


A  TVA  was  designed  and  manufactured  and  shown  in  Fig.  5.  This 
design  consists  of  two  brass  masses  of  64  g  at  each  end  of  a  centrally 
supported  mild  steel  rod  with  diameter  of  5.5  mm  and  length  of 
111  mm.  The  fixed  centre  is  welded  to  a  hose  clamp  to  allow  it  to  be 
clamped  to  the  shaft  of  the  electric  grass  trimmer. 

The  TVA  can  be  modelled  as  dual  cantilevered  mass  which  can 
be  represented  as  two  discrete  system.  The  rod  itself  is  assumed  to 
be  one  system  (Fig.  5(a))  and  the  absorber  mass  at  the  end  of  the 
rod  (Fig.  5(b))  is  another.  Neglecting  damping  of  the  TVA  system, 
the  natural  frequency  of  the  TVA,  a)cb  can  be  determined  using 
Dunkerleys  approximation  (Rajasekaran,  2009): 


11  1 

4  ~  wb  +  w a 

The  natural  frequency  of  the  cantilever  beam,  tob 


ob 


(10) 


where  the  Young’s  modulus  of  steel,  E  =  200  GPa,  second  moment 
of  inertia  of  the  cantilever  beam,  7=1  /4itr4,  the  mass  of  cantilever 
beam,  mb  =  Psteei7™'2^  r  is  the  radius  of  cantilever  beam,  lb  is  the 
length  of  the  cantilever  beam  and  psteel  is  the  density  of  steel. 

The  natural  frequency  of  cantilever  beam  with  secondary  mass 
ma  attached  at  the  end,  wa  can  be  rewritten  as: 


3.7.  Selection  of  the  TVA  location 

In  this  section,  the  TVA  is  mounted  on  the  shaft  of  the  electric 
grass  trimmer.  The  TVA  is  located  at  various  points  along  the  shaft 
(L)  as  shown  in  Fig.  7  which  correspond  to  points  p:  10  to  p:  19  in 
the  simulation  (Fig.  6).  The  measurements  between  intermediate 
points  in  Fig.  6  were  also  taken  into  account.  For  each  TVA  location, 


Fig.  9.  Summation  of  FRF  curves  of  electric  grass  trimmer. 
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Fig.  10.  Mode  shape  and  location  of  node  of  electric  grass  trimmer. 


acceleration  of  the  front  handle  location  (corresponding  to  point  p: 
25  in  Fig.  6)  is  measured.  By  comparing  the  measured  acceleration, 
the  TVA  location  which  produced  the  minimum  FRF  of  the  handle 
vibration  at  220  Hz  is  chosen  as  the  optimum  location.  Field  test 
and  subjective  evaluation  are  then  carried  on  the  electric  grass 
trimmer  with  TVA  attached  at  the  optimum  location. 


3.8.  Field  test  and  subjective  evaluation 

Ten  representative  male  operators  were  chosen  for  this  study 
and  their  attributes  are  summarized  in  Table  1.  All  operators  were 
in  good  physical  condition  and  had  some  experience  in  using 


electric  grass  trimmer.  Ear  muffs  were  provided  to  all  operators 
during  each  task  for  hearing  protection. 

Before  the  field  test,  all  the  operators  were  briefed  about  the 
objective  of  the  experiments.  For  measuring  HAV,  the  miniature 
accelerometer  was  mounted  on  the  front  handle  of  electric  grass 
trimmer,  as  near  as  possible  to  the  point  of  entry  of  vibration  to  the 
hand  (ISO  5349-2,  2001).  The  three  different  orientations  (Xh-,  Yh_, 
Zh-  axes)  of  mounting  the  accelerometer  are  based  on  ISO  5349 
standard.  The  accelerometer  was  connected  to  LMS  Scadas  Mobile, 
and  the  data  were  analyzed  using  LMS  spectral  testing  software. 

Two  electric  grass  trimmers  (with  and  without  TVA)  were 
warmed  up  until  stable  conditions  were  reached  before  the 
experiment  commenced  (BS  EN  ISO  22867,  2008).  The  operators 
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Fig.  11.  Transmissibility  measurement  and  auto  power  spectrum. 
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Fig.  12.  ODS  for  electric  grass  trimmer  at  operating  frequency  (220  Hz). 


were  then  requested  to  operate  electric  grass  trimmers  with  the 
different  set  of  grass  trimmer  and  perform  two  operations,  namely 
no  cutting  and  cutting.  For  each  measurement,  the  operator  was 
asked  to  operate  the  electric  grass  trimmer  at  full  engine  speed  of 
13200  rpm  for  60  s.  The  stored  data  were  later  analyzed  for 
vibration  acceleration  in  rms  (ahj)  at  l/3rd  octave  bands  centred 
from  16  to  1000  Hz  for  each  measurement  and  each  axis.  For  each 
axis,  the  overall  weighted  rms  acceleration  (ahwx,ahwy  Qhwz)  was 
calculated  according  ISO  5349-2  (2001).  From  the  overall  weighted 
rms  acceleration  of  three  axes,  vibration  total  value  (ahv)  was 
calculated  for  each  operator.  Average  of  vibration  acceleration  of 
the  10  operators  was  calculated  which  represented  the  vibration 
exposure  of  electric  grass  trimmer.  The  reduction  of  vibration  was 
calculated  by  subtracting  the  averaged  vibration  total  value  (ahv)  of 
grass  trimmer  without  TVA  from  the  one  with  TVA. 

After  each  test,  the  operators  were  asked  to  rate  the  electric  grass 
trimmer  in  terms  of  perception  of  vibration.  The  subjective  ratings 
were  made  using  the  Borg  CR-10  scale  (Wos  et  al.,  1988).  The  CR-10 
scale  consists  of  numerical  scale  from  0  to  10  (0-no  vibration,  1 -little 
vibration,  3-moderate  vibration,  5-strong  vibration,  7-very  strong 
vibration,  10-extreme  strong  vibration).  The  operators  were  asked  to 
report  honestly  based  on  what  they  feel  and  experienced. 

One-way  analysis  of  variance  (ANOVA)  was  performed  to  test 
the  different  level  of  frequency-weighted  rms  acceleration  of 
different  axis  among  the  electric  grass  trimmer.  The  t- test  was  then 
conducted  to  calculate  the  vibration  reduction  level  of  the  electric 
grass  trimmer  with  TVA  from  the  one  without. 

4.  Results  and  discussions 

4.2.  Vibration  analysis  of  electric  grass  trimmer 

The  acceleration  spectra  of  electric  grass  trimmer  measured  in 
Xh_,  Yh-,  and  Zh-  axes  are  illustrated  in  Fig.  8.  Only  frequencies  in  the 
range  of  0-500  Hz  are  shown.  Electric  grass  trimmer  employed  in 
this  study  had  the  highest  peak  in  the  Zh-  axis  at  220  Hz  with 
magnitude  of  181.17  m/s2.  Meanwhile  for  the  Xh_  and  Yh_axes  at 
220  Hz,  the  magnitudes  of  accelerations  were  106.46  m/s2  and 
4.74  m/s2  respectively.  The  torsional  vibration  of  the  telescopic 
tubular  structure  manifests  itself  as  acceleration  in  the  Yh-  axis 
( ay  =  radius  of  the  circular  path  x  angular  acceleration)  and  has  the 
lowest  acceleration.  The  dominant  frequency  of  220  Hz  correlated 
with  the  speed  of  the  cutter  head  of  13200  rpm.  The  handle 
vibration  spectra  also  exhibits  peaks  at  higher  frequencies,  near 
325  Hz,  450  Hz,  but  with  much  lower  amplitude.  This  clearly 


showed  that  the  peaks  due  to  cutter  head  rotational  speed  are  well 
separated  from  the  others.  This  observation  suggests  the  possibility 
of  using  a  TVA  tuned  to  the  electric  grass  trimmer’s  dominant 
operating  frequency,  to  reduce  the  vibration  level  at  the  handle. 

4.2.  Experimental  modal  analysis  of  electric  grass  trimmer 

Detection  of  vibration  modes  can  be  identified  from  measured 
FRF  data  during  experimental  modal  analysis.  Fig.  9  presents  the 
summation  of  FRFs  since  the  identification  of  vibration  modes  is 
preferable  based  on  several  FRF  curves  (He  and  Fu,  2001 ).  This  is  to 
ensure  that  vibration  modes  become  distinguished  in  the  total  FRF 
plot.  Obviously  from  Fig.  9,  it  contains  few  peaks.  However,  not 
every  peak  of  an  FRF  is  necessary  a  real  mode  and  some  modes  may 
be  invisible  in  the  frequency  range  (He  and  Fu,  2001 ).  The  best  way 
to  visualize  vibration  modes  is  by  animating  the  mode  shapes. 

Fig.  10  illustrated  the  corresponding  mode  shapes.  The  first 
bending  mode  of  electric  grass  is  at  29  Hz  (corresponding  to  peak  at 
29  Hz  in  Fig.  9)  which  exhibits  a  node  between  p:4  and  p:  20 
(handle  location).  The  second  bending  mode  occurred  at  136  Hz 
and  has  two  nodes  located  between  p:l  and  p: 2  and  between  p: 5 
and  p:6.  Meanwhile  at  165  Hz  the  third  bending  mode  occurs  with 
three  nodes  atp:l-p:2,p:5-p:6  and p:14-p:15.  What  is  evident  from 
these  frequencies  is  the  mode  shape  at  225  Hz  with  two  nodes  at 


Fig.  13.  FRF  modification  on  handle  response  with  different  TVA  location  (— : 
measured  FRF  (without  TVA);  :  predicted  FRFs;  — :  predicted  FRF  with  minimum 
response  at  220  Hz). 
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Fig.  14.  FRFs  of  TVA. 


p:5-p:6  and  p:9-p:10.  This  mode  is  very  close  to  the  excitation 
frequency  (220  Hz).  This  may  have  contributed  to  the  generally 
large  amplitude  of  handle  vibration  at  the  operating  frequency. 

4.3.  ODS  analysis  of  electric  grass  trimmer 

ODS  analysis  of  the  electric  grass  trimmer  was  carried  out  on  in 
order  to  determine  the  vibration  shape  at  the  operating  frequency 
of  220  Hz.  This  is  important  in  order  to  detect  whether  the  instal¬ 
lation  of  the  TVA  has  shifted  the  location  of  the  node  closer  or 
further  away  from  the  handle  since  any  substructure  located  at  the 
node  will  influence  an  almost  zero  vibration. 

The  transmissibility  obtained  from  ODS  analysis  is  shown  in 
Fig.  11(a).  It  is  noted  that  the  peaks  in  the  magnitude  of  the  trans¬ 
missibility  function  do  not  represent  the  resonances  peak  in  the 
auto  power  spectrum  (Fig.  11(b)).  This  property  of  transmissibility 
differs  from  those  ODS  frequency  domain  measurements  (Christof 
et  al.,  2010;  Devriendt  and  Guillaume,  2008;  Schwarz  and 
Richardson,  1999).  Instead,  the  transmissibility  function  has  no 
peak  in  the  frequency  range  where  a  resonance  peak  occurs. 


Fig.  16.  Summation  of  FRF  curves  of  electric  grass  trimmer  with  TVA  attached  at 
optimum  location. 

The  ODS  for  the  electric  grass  trimmer  at  the  operating 
frequency  of  220  Hz  is  shown  in  Fig.  12.  The  ODS  indicated  that  the 
handle  vibration  suffers  from  two  basic  problems.  Firstly,  the 
operating  frequency  of  220  Hz  is  close  to  the  resonant  frequency  of 
electric  grass  trimmer  (mode  at  225  Hz,  Fig.  10  (d)).  Secondly,  the 
location  of  the  handle  is  very  close  to  the  anti-node  of  the  shaft, 
which  is  clearly  shown  in  Fig.  12.  From  these  two  points,  vibration 
attenuation  can  be  achieved  by  changing  the  natural  frequency  or 
by  altering  the  location  of  the  node  to  be  close  to  or  at  the  point  of 
the  handle  itself. 

4.4.  Predicted  FRF  of  handle  grip  response 

Due  to  physical  constraint,  the  TVA  can  only  be  attached  at 
points  p:10  to  p:19  along  the  tubular  structure.  The  effect  of 
attaching  the  TVA  along  these  locations  on  the  handle  grip 
response  (p:25)  has  been  studied.  The  predicted  responses  at 
handle  grip  location  (atp:25)  varied  with  the  different  attachment 
points  of  the  TVA  are  shown  in  Fig.  13.  The  measured  FRF  handle 


Fig.  15.  Vibration  amplitude  of  the  handle  in  Xh-  axis  with  TVA  attached  at  a  different  location. 
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Fig.  17.  Mode  shape  and  location  of  node  of  electric  grass  trimmer  with  TVA  attached  at  optimum  location. 


response  without  TVA  is  shown  in  Fig.  13  and  has  the  value  of  2.01 
(m/s-2)/N.  With  the  simulated  TVA  attached  at  each  point,  the 
predicted  FRF  response  showed  the  values  in  the  range  of  0.33-1.86 
(m/s~2)/N.  The  best  location  is  predicated  at  point  p:10  which  give 
the  lowest  FRF  values  of  0.33(m/s~2)/N. 


4.5.  Tuning  of  TVA 

The  plot  of  the  FRFs  obtained  from  the  tuning  experiment  is 
shown  in  Fig.  14.  For  the  masses  located  at  a  distance  of  28  mm  (as 
calculated  from  Section  3.5)  from  the  fixed  centre  of  TVA  showed 
that  natural  frequency  of  the  TVA  was  measured  at  220  Flz.  Yh-  axis 
has  the  highest  peak  followed  by  the  Zh_  axis  and  the  Xh_  axis.  This 
result  also  showed  that  the  modal  damping  ratio  of  the  TVA  is 
0.39%.  This  indicated  that  the  TVA  is  lightly  damped  and  can  be 
defined  as  an  undamped  TVA. 


4.6.  Optimum  TVA  location 

A  series  of  experiment  was  carried  out  to  investigate  the  effect 
of  varying  the  position  of  TVA  along  the  tubular  structure 
(L  =  40  cm).  The  resulting  acceleration  of  the  handle  varied  with  the 
TVA  location.  The  experimentally  obtained  results  agreed  that  the 
optimum  location  of  attachment  location  was  near  point,  p:  10  as 
predicted  in  Section  4.4.  Flence,  only  first  seven  cases  were  dis¬ 
played,  as  illustrated  in  waterfall  diagram  (Fig.  15),  namely0.0125L, 
0.025 L,  0.0375 L,  0.05L,  0.0625 L,  0.075 L  and  0.0875 L  which  corre¬ 
spond  to  the  points  between  p:10  and  p:  11  in  the  SM  simulation. 
The  figure  shows  the  acceleration  at  220  Hz  for  grass  trimmer 
without  TVA  is  106.46  m/s2.  The  experiments  were  repeated  to 
evaluate  the  response  for  the  different  attachment  positions.  In 
these  cases,  the  TVA  produced  different  reduction  of  vibration 
acceleration.  For  this  frequency  (220  Hz),  position  0.025 L  clearly 
appeared  to  be  optimum  with  reduction  of  101.62  m/s2  (about  95%) 


Fig.  18.  ODS  for  electric  grass  trimmer  with  TVA  at  operating  frequency  (118  Hz). 
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of  handle  acceleration  level.  Reduction  of  44.02  m/s2,  80.23  m/s2, 
98.66  m/s2,  96.54  m/s2,  94.21  m/s2,  100.56  m/s2  were  achieved, 
when  the  TVA  was  located  at  positions  0.0125L,  0.0375 L,  0.05L, 
0.0625 L,  0.075 L  and  0.0875 L  respectively.  It  has  therefore  been 
demonstrated  that  the  optimum  location  of  the  TVA  can  be 
obtained  within  the  practical  length  of  the  tubular  structure. 


4.7.  Experimental  modal  analysis  and  ODS  of  electric  grass  trimmer 
after  instalment  of  TVA 

Experimental  modal  analysis  was  carried  out  for  the  electric 
grass  trimmer  with  the  TVA  mounted  on  the  shaft  at  the  optimum 
location  (0.025L)  identified  from  the  SM  simulation.  Fig.  16  shows 


Fh-axis 


Zh.axis 


Fig.  19.  Acceleration  spectra  of  electric  grass  trimmer  with  and  without  TVA  (— :without  TVA;  :  with  TVA  attached  at  optimum  location). 
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three  resonance  peaks  in  the  frequency  range  of  20-250  Hz,  but 
there  were  none  between  200  and  250  Hz.  This  indicated  that  the 
presence  of  TVA  produces  lower  FRF  than  the  original  FRF  (Fig.  9)  in 
the  range  of  excitation  frequencies.  The  corresponding  mode  shape 
of  these  resonances  (Fig.  17)  was  similar  with  the  original  machine 
(Fig.  10).  However,  these  mode  shapes  occurred  at  lower  frequen¬ 
cies  due  to  the  additional  mass  from  the  TVA.  Although  the  new 
modified  electric  grass  trimmer  created  new  resonant  modes, 
especially  at  450  Hz  and  508  Hz,  these  are  outside  the  operating 
frequency  range  of  the  electric  grass  trimmer. 

The  ODS  analysis  for  the  electric  grass  trimmer  with  TVA  was 
also  carried  out,  and  the  deflection  shape  is  displayed  in  Fig.  18.  In 
order  to  make  a  direct  comparison  of  the  effect  of  TVA,  deformation 
scale  in  Fig.  18  is  set  to  be  the  same  with  that  in  Fig.  12.  The  result 
from  this  investigation  showed  that  the  TVA  has  successfully 
reduced  the  vibration  of  the  handle.  It  may  be  interest  to  note  that 
the  node  is  now  shifted  near  the  handle  location.  This  is  a  proof  that 
it  is  practically  possible  to  make  the  node  coincide  with  the  handle 
location,  as  numerically  proven  in  the  literatures  (Cha  and  Pierre, 
1999;  Cha,  2002;  Cha,  2005;  Cha  and  Ren,  2006;  Cha  and  Zhou, 
2006;  Cha  and  Chan,  2009;  Foda  and  Bassam,  2006). 

4.8.  Effectiveness  of  TVA  in  optimum  location 
4.8 A.  Acceleration  spectra 

The  acceleration  spectra  plots  are  shown  in  Fig.  19  to  illustrate 
the  effectiveness  of  the  TVA  at  the  optimum  location  (0.025 L)  in 
Xh-,  Yh-,  Zh-  axes.  The  black  line  represents  the  acceleration  level 
of  handle  without  TVA,  and  the  grey  line  represents  the  accelera¬ 
tion  response  of  handle  with  TVA.  These  figures  indicated  that  the 
TVA  can  selectively  reduce  acceleration  level  within  the  frequency 
range  of  130  Hz-320  Hz  in  the  Xh-  and  Zh-  axes.  During  this 
measurement,  reduction  in  the  supply  voltage  from  the  nominal 
240  V  has  resulted  in  the  slight  reduction  the  operating  frequency, 
from  220  Hz  to  218  Hz  Fig.  19(a)  demonstrates  that  the  TVA  can 
effectively  reduce  the  peak  acceleration  from  106.46  m/s2  to 
4.83  m/s2  in  the  Xh-  axis.  The  acceleration  of  the  handle  was 
reduced  by  95%  while  the  mass  was  only  increased  by  7%.  The 
dynamic  force  was  reduced  by  277.5  N.  This  highlighted  the  effec¬ 
tiveness  of  the  dynamic  force  reduction  with  the  use  of  TVA. 
However,  as  can  been  seen  in  Fig.  19(b),  the  TVA  has  very  little  effect 
in  the  Yh-  axis.  Although  the  amplitude  increased  in  the  frequency 
range  of  190-220  Hz,  the  effect  is  not  significant  since  Yh-  axis 
contributes  the  least  to  the  vibration  total  value.  Fig.  19(c)  shows 
that  the  TVA  also  reduces  the  acceleration  level  in  Zh-  axis. 

4.8.2.  Frequency-weighted  rms  acceleration  and  vibration  total 
value 

Table  2  illustrates  the  frequency-weighted  rms  acceleration  (Xh-, 
Yh-  and  Zh-  axes)  and  vibration  total  value  for  electric  grass  trimmer 
with  and  without  TVA  in  the  no  cutting  and  cutting  conditions.  It 
shows  that  frequency-weighted  rms  acceleration  for  both  cases 
increase  when  cutting  operation  is  carried  out.  For  example  in  the 
case  without  TVA,  frequency-weighted  rms  acceleration  increase 


Table  2 

Frequency-weighted  rms  acceleration  and  standard  deviation. 


Condition  TVA  Xh_  axis  (m/s2)  Yh-  axis  (m/s2)  Zh-  axis  (m/s2)  Vibration 

total  value 

(ahv)(m/s2) 


No  cutting  without  2.38  ±  0.14 

with  0.78  ±  0.13 

Cutting  without  2.83  ±  0.36 

with  0.79  ±  0.20 


0.75  ±  0.12 
0.83  ±  0.16 
0.93  ±  0.18 
1.12  ±  0.24 


3.24  ±  0.62 
0.59  ±  0.10 
3.37  ±  1.07 
0.53  ±  0.10 


4.11  ±  0.46 
1.30  ±  0.16 
4.54  ±  0.93 
1.48  ±  0.28 


3.5 


ffl  no  cutting 
O  cutting 


-0.5 


Yh-  Zh. 


ahv 


Fig.  20.  Effect  of  TVA  on  reduction  of  frequency- weighted  rms  acceleration  at  various 
axes  and  vibration  total  value. 


from  2.38  m/s2  to  2.83  m/s2  in  the  Xh-  axis,  0.75  m/s2  to  0.93  m/s2  in 
the  Yh-  axis,  3.24  m/s2  to  3.37  m/s2  in  the  Zh-  axis  and  4.11  m/s2  to 
4.54  m/s2  for  vibration  total  value.  In  the  same  condition  of  electric 
grass  trimmer  with  TVA,  the  frequency-weighted  rms  acceleration 
of  0.78-1.30  m/s2  during  no  cutting  was  increased  to  0.79-1.48  m/ 
s2  during  the  cutting  operation. 

4.8.3.  Reduction  of  vibration 

The  reduction  of  vibration  was  calculated  by  subtracting  the 
vibration  acceleration  of  the  electric  grass  trimmer  when  operating 
without  the  TVA  from  the  condition  with  the  TVA  installed.  Fig.  20 
illustrates  the  effect  of  TVA  on  the  average  frequency-weighted  rms 
acceleration  in  the  Xh_,  Yh-,  Zh-  axes  and  vibration  total  value.  The 
average  reduction  of  frequency-weighted  rms  acceleration  was 
1.59  m/s2,  2.64  m/s2  and  2.81  m/s2  at  Xh-,  Zh-,  and  vibration  total 
value  respectively  for  the  no  cutting  condition.  Thus  the  reduction 
of  vibration  in  theXh-  axis  was  67%,  in  the  Zh-  axis  was  82%  and  68% 
for  vibration  total  value.  The  reduction  of  the  frequency-weighted 
rms  acceleration  in  the  different  axis  during  the  cutting  operation 
is  also  shown  in  the  same  figure.  It  is  observed  that  the  reduction  of 
vibration  was  highest  in  the  Zh-  axis,  which  is  2.84  m/s2  (84%). 
Whereas  reduction  of  2.04  m/s2  (72%)  and  3.06  m/s2  (67%)  were 
observed  in  the  Xh_  axis  and  vibration  total  value.  However, 
amplification  of  frequency-weighted  rms  accelerations  was  found 
in  the  Yh-  axis,  19%  for  the  no  cutting  condition  and  21%  for  cutting 
operation. 

The  performance  of  TVA  in  both  no  cutting  and  cutting  opera¬ 
tions  is  further  shown  in  Table  3.  Introducing  TVA  to  the  electric 
grass  trimmer  significantly  (p  <  0.01 )  reduce  the  HAV  in  the  Xh_,  Zh_ 
axes  and  vibration  total  value  for  both  cutting  and  no  cutting 
operation.  Although  there  were  amplification  of  vibration  in  the  Yh_ 
axis,  the  amplifications  were  insignificant  since  the  p  values  were 
greater  than  0.01. 


Table  3 

The  t-test  values  for  the  reduction  of  frequency-weighted  acceleration  in  different 
conditions. 


Condition 

Paired  differences 

t-values 

Xh_  axis  Yh-  axis 

Zh_  axis  Vibration 
total 

value  (ahv) 

No  cutting 
Cutting 

Without  TVA  —  with  TVA 
Without  TVA  —  with  TVA 

27.415*  -1.299 
15.157*  -1.513 

12.886*  16.921* 
8.014*  9.471* 

*Significant  (p  <  0.01). 
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Fig.  21.  Perception  of  vibration  based  on  Borg  scale:  (a)  no  cutting,  (b)  cutting. 


4.8.4.  Subjective  evaluation:  rating  of  vibration  perception 

The  box  plot  in  Fig.  21  shows  the  rating  of  vibration  perception 
in  the  Borg  (CR-10)  scale  during  no  cutting  and  cutting  operations. 
For  both  conditions,  the  electric  grass  trimmer  with  the  instalment 
of  TVA  received  better  rating  (lower  value  in  Borg  scale)  for  the 
perception  of  vibration.  It  can  be  seen  that  the  mean  vibration 
perception  during  no  cutting  operation  was  3.75.  The  presence  of 
TVA  reduced  the  vibration  to  the  level  of  1.21  (68%).  Similarly, 
during  the  cutting  operation,  the  mean  vibration  perception  was 
2.9.  The  vibration  was  reduced  to  1.37  (53%)  with  the  controlled 
electric  grass  trimmer.  The  results  proved  that  the  electric  grass 
trimmer  with  TVA  received  better  overall  vibration  perception  than 
without. 

5.  Conclusion 

The  goal  of  this  work  was  to  develop  a  vibration  suppression 
strategy  that  could  effectively  reduce  handle  vibration  of  an  electric 
grass  trimmer.  A  TVA  was  simulated  and  designed  to  be  attached  to 
the  shaft  of  electric  grass  trimmer.  The  TVA  was  tuned  to  the 
operating  frequency  (220  Hz)  of  electric  grass  trimmer  to  attenuate 
handle  vibration.  An  optimum  absorber  location  (0.025 L)  was  also 
identified  both  analytically  and  experimentally.  The  electric  grass 
trimmer  with  the  TVA  installed  in  the  optimum  location  is  effective 
in  reducing  acceleration  level  of  vibration.  The  TVA  was  found  to 
have  best  performance  with  95%  reduction  on  the  acceleration  level 
in  the  Xh-  axis.  The  results  from  experimental  modal  analysis  and 
ODS  showed  that  the  presence  of  TVA  has  successfully  reduced  the 
large  vibrations  of  the  handle  where  the  node  was  shifted  nearer  to 
the  handle  location.  Both  the  measured  overall  weighted  rms 
acceleration  and  subjective  evaluation  results  obtained  from  the 
field  tests  were  consistently  indicating  that  the  electric  grass 
trimmer  with  TVA  has  lower  handle  vibration  than  without. 
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Appendix.  Nomenclature 


DOF  degrees-of-freedom 

FE  finite-element 

FRF  frequency  response  function 

FRFs  frequency  response  functions 

HAV  hand-arm  vibration 

HAVS  hand-arm  vibration  syndrome 

MDOF  multiple-degrees-of  freedom 

ODS  operational  deflection  shape 

rms  root  mean  square 

SDOF  single-degree-of-freedom 

SM  structural  modification 

TVA  tuned  vibration  absorber 

C  damping 

C  new  damping  after  structural  modification 

ct  damping  of  TVA 

K  stiffness 

K  new  stiffness  after  structural  modification 

kt  stiffness  of  TVA 

M  mass 

M  new  mass  after  structural  modification 

mt  mass  of  TVA 

{x}  displacement  vector 

{/}  force  vector 

0  Eigenvector 

A  Eigenvalue 

[]  matrix 

{}  vector 

AM  modified  mass 

AC  modified  damping 

AI<  modified  stiffness 

[s(w)]  dynamic  stiffness  matrix 

[H(w)]  FRF  matrix 

[As(w)]  modified  dynamic  stiffness  matrix 
[Hm((o)]  modified  FRF  matrix 
ahv  vibration  total  value 

Qhwx  weighted  rms  acceleration  in  Xh-  axis 

Qhwy  weighted  rms  acceleration  in  Yh_  axis 

flhwz  weighted  rms  acceleration  in  Zh_  axis 

ojcb  natural  frequency  of  the  TVA 

(j0b  natural  frequency  of  the  cantilever  beam 

t oa  natural  frequency  of  cantilever  beam  with  secondary 

mass  ma 

E  Young’s  modulus 

/  second  moment  of  inertia  of  the  beam 

mb  mass  of  the  beam 

Psteel  density  of  steel 

r  radius  of  beam 

lb  length  of  beam 

ma  secondary  mass 

la  length  from  the  fixed  centre  to  secondary  mass 
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